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Enzymes which catalyze the formation of free radicals in vitro will catalyze similar reactions in vivo.
We believe that the formation of some kinds of free radicals has definite physiological meanings in
metabolism. In this sense, the enzymes forming such free radicals are concluded to be in evolutionally
advanced states. Elaborated structure and function of enzymes such as horseradish peroxidase and mi-
crosomalflavoproteins supportthe idea. Deleterious andsidereactions causedbyfreeradicals areassumed
tobeminimizedin vivobylocalizingthereactions, butthisassumptionshouldbeverifiedbyfuturestudies.
Free radicals are regarded to be toxic to cells and
have been studied mostly to elucidate their deleterious
effects in cells. This tendency ofstudies offree radicals
has been strengthened since the finding ofMcCord and
Fridovich (1), whoreported anenzymethatdecomposes
superoxide radicals. Numerous experimental results
have led one to conclude that the enzyme called super-
oxide dismutase is an indispensable component of the
system ofdefenses which make aerobic life possible (2-
5). Semidehydroascorbate reductase is another type of
free-radical scavengingenzyme, which hasbeenstudied
alongtime (6-13). Inthiscase, however, itisnotknown
whether this enzyme also serves as a defense enzyme.
An enzyme is believed to catalyze a unique reaction
which has a definite physiological role or an evolutional
meaning in biology. For instance, the relationship be-
tween structure and function of oxygen-metabolizing
enzymes has been explained in terms of evolution of
enzymes (14). There are a group ofenzymes which cat-
alyzethe formationoffreeradicals. Itseems, therefore,
ofprimary importance to discuss the question whether
enzymatic fornation offree radicals has any physiolog-
ical meanings. If such free radicals are really deleteri-
ous, the free-radical formation may be a defect in the
enzymecatalysis, which isstill inanevolutionary stage.
We shall treat the problem from the twopoints ofview;
mechanism ofenzymatic fornation offree radicals and
possible physiological meanings of free-radical reac-
tions.
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Mechanism of Free-Radical
Formation
In some enzymatic redox reactions, free radicals are
derived from substrates and prosthetic groups of en-
zymes. Enzymes which catalyze free-radical reactions
contain transition metal ion(s), flavin(s) or rarely
quiones(s) as the prosthetic group. These enzymes are
groupedintoapparentlytwocontrastingtypes, onethat
scavenges free radicals using them as a substrate and
the other that catalyzes the formation of free radicals
from a substrate. Superoxide radical and semidehy-
droascorbate are the only known free radicals used as
the substrate ofenzymes, while many free radical spe-
cies are reported to be formed during enzyme catalysis
(Table 1). Freeradicals derived from substrates usually
decay fast through a dimerization or dismutation path-
way and accumulate only a little duringthe reaction. It
is not always possible to detect them directly with an
optical or ESR spectrometer. In order to analyze the
mechanism of electron transfer between enzyme and
substrate, itisnecessarytoclarifywhetherfreeradicals
are primary products in enzyme catalysis and whether
they are formed through a main enzyme reaction. The
experimental methods for the quantitative measure-
ment of one-electron flux in enzymatic redox reactions
werediscussedindetailpreviously(41,42). Aftercareful
consideration ofthe above problems and on the basis of
quantitative analysis, it is possible to classify the elec-
tron-transfermechanismintoone-electronandtwo-elec-
tron types. In a few cases, the electron transfer occurs
through a mixed mechanism (41,42).YAMAZAKI ET AL.
Then, the question may arise whether any unique
structural factors are needed for enzymes to catalyze
the formation of substrate free radicals. Since it is
known that the superoxide radlical is formed through
autoxidation of various divalent reductants, nonenzy-
matic electron transfer might be by nature a one-elec-
tron type. Therefore, it may also be necessary to con-
sider the -evolutional state of free-radical-forming
enzymes fromthe points ofcatalytic efficiency and spec-
ificity.
Here, we shall discuss kinetics of enzymatic and no-
nenzymatic electron transfers, and enzymatic devices
which may control the fonnation of free radicals.
Nonenzymatic Formation of Free Radicals
There are numerous reportsconcerningtheformation
of free radicals in nonenzymatic reactions (43). It is
beyond doubt that a free radical is formed when a di-
valent molecule is oxidized orreduced by a monovalent
molecule. Theproblemtobediscussedhereishowmuch
free radicals are formed in electron-transfer reactions
between two divalent molecules. For example, the pri-
mary process of autoxidation of a divalent reductant
(AH2) will be formulated as shown in Eqs. (1)-(3).
AH2 + 02- AHe + HO2
AH2 + 02
-* A + H202
AH2 + 02 x(AH* + HO2M) + y(A + H202)
(1)
(2)
(3)
where x +y = 1. The mechanism of the reactions is
termed, from the top, one-electron, two-electron and
mixed types (41). The fraction of one-electron flux, xl
(x+2y) has to be measured for characterization of re-
action (3) (42). The formation of superoxide radical has
been shown in autoxidations of reduced flavin (44,45),
pyrogallol (46), dyes (47,48), adrenalin (49,50), and as-
corbate (51). The amount of superoxide radical formed
during the reaction is measured directly with an ESR
spectrometer (44) or indirectly from secondary reac-
tions of the superoxide radical with electron acceptors
and adrenalin (45-50). The difficulty of quantitative
measurement of one-electron flux is due to nonspecific
reactions caused by free radicals.
A kinetic study has been carried out on a reaction
between ascorbate and 2,6-dichlorophenolindophenol
(DCIP). During the oxidation of ascorbate by DCIP,
onlyascorbate freeradicalisobserved. The dependency
of steady-state concentration of ascorbate free radical
on the DCIP concentration is shown in Figure 1 (52).
Based on the rate constant measured for dismutation
ofascorbate free radicals (15,53-55) it can be concluded
thatascorbate is oxidized mostlyby wayofone-electron
transfer, the one-electron flux being about 80%. Figure
1 shows also that ascorbate free radicals decay mostly
by dismutation at low concentrations of DCIP and the
decay through a reaction with DCIP increases as the
dye concentration increases.
AH2 + DCIP -- AH* + DCIPH-
2AH*
-- A + AH2
2 DCIPH* DCIP + DCIPH2 (leuco-form)
AH* + DCIP -* A+ DCIPH*
(4)
(5)
(6)
(7)
where AH2 denotes ascorbic acid. The DCIP free rad-
ical, DCIPH', appears to decay very fast because the
ESR signal observed is only that ofascorbate free rad-
Table 1. Free radicals generated from substrates by enzymes.
Enzyme
Free radical Oxidative Reductive Reference
Semidehydroascorbate Peroxidase (15-17)
Ascorbate oxidase (15)
Dopamine ,3-monooxygenase (18)
Semidehydroreductate Ascorbate oxidase (15)
Semiquinones Laccase (19)
Peroxidase (17,20,21)
Microsomal flavorproteins (8)
NADH dehydrogenase (22)
Ferredoxin-NADP reductase (22)
Xanthine oxidase (23)
Xanthine dehydrogenase (24)
Lipoamide dehydrogenase (25)
Superoxide anion Xanthine oxidase (26,27)
Flavoproteins in phagocytosis
Phenoxy radicals Peroxidase (17,28-30)
Free radicals from
Amines Peroxidase (31-33)
Prostaglandin endoperoxide
synthetase (34-37)
Cytochrome P-450 (38)
Chlorpromazine Peroxidase (39)
Indoleacetate Peroxidase (40)
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FIGURE 3. Oxidation of Mg-substituted horseradish peroxidase by
potassium hexachloroiridiate and formation ofporphyrin 'n-cation
radical. The Mg enzyme (0) is titrated stepwise with hexachlo-
roiridate, and the final spectrum (6,7) is obtained at the equimolar
concentration (78).
is not necessarily fixed to an enzyme. In some cases,
the mechanism varies with the kind of substrate and
the experimental conditions (41,42).
Horseradish Peroxidase. Peroxidases distributed
widely in tissues ofplants are similar to each other and
can be represented by horseradish peroxidase, which
has been studied extensively (57,58). The enzyme has
five oxidation states from 2 to 6, where the oxidation
state offerrous enzyme is set at 2 (74). The conversion
betweenthese statesis caused by suitable oxidants and
reductants, as shown in Figure 2 and Table 2. The re-
actions are essentially the same as those ofanimal per-
oxidasesprepared fromthyroid, milk, intestine andleu-
cocyte. The 5 state of animal peroxidases, however, is
unstable and converted to 4 within a second, probably
by endogenous reductants. Characteristic ofhorserad-
ish peroxidase regarding the formation offree radicals
is as follows.
In the 3 -- 5reaction, upon the reaction ofthe 3 state
withhydroperoxides (ROOH), the 0-0 bond ofROOH
is split heterolytically by acid-base catalysis ofthe iron
and two amino acid residues in the heme crevice (75).
The two oxidizing equivalents ofROOH are retained at
the heme moiety, one as a ferryl ion and the other as a
porphyrin r-cation radical (76). This radical can be de-
tected quantitatively by optical and ESR spectroscopy
when the iron ofhorseradish peroxidase is replaced by
Zn orMg(77,78). Spectrophotometric titration with po-
tassium hexachloroiridate is shown in Figure 3. As the
porphyrin fr-cation radical is not formed in myoglobin,
it is concluded that the heme crevice ofperoxidase has
a structure suitable for stabilizing the porphyrin rr-ca-
tion radical (77,78).
In the 5-+4--*3 and 5-*3 reactions, various electron
donors are oxidized by 5, via a route of either 5-+4->3
or 5-+3. The mechanism is dependent on the kind of
electron donors and, in a few cases, on pH also. The
5--4--+3 mechanism is common to most peroxidase re-
a,
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FIGURE 1. Steady-state concentration of semidehydroascorbate
forned in the oxidation of ascorbate by 2,6-dichlorophenolindo-
phenol (DCIP) at varied concentrations: (-) calculated on the as-
umption that ascorbate is oxidized to semidehydroascorbate,
which decays only through dismutation.
ical. Although Misra and Fridovich (45) have reported
two-electron reduction of oxygen by reduced menadi-
one, it may be concluded that free-radical species are
more or less forned in nonenzymatic electron transfers
between two divalent redox molecules.
Enzymatic Formation of Free Radicals
Formostenzymaticreactionsitispossibletoestimate
theexactfractionofone-electronflux(41,42). Themech-
anism of electron transfer can be concluded to depend
mostly on the structure of enzymes, including interac-
tion between protein and prosthetic groups. For in-
stance, ascorbate oxidase, laccase andtyrosinase are all
copper proteins, but the former two catalyze one-elec-
tron oxidations ofdonor molecules (15,19) and tyrosin-
ase catalyzes a two-electron oxidation of catechol (56).
The oxygen is freed from these copper enzymes after
it is reduced to water. It is, therefore, concluded that
the electron-transfer mechanism is not determined by
prostheticgroupitself. Thisconclusionisvalidforheme-
and flavin-containing enzymes.
The most characteristic feature of enzyme catalysis
which yields free radicals may be that free radicals are
derived from only one of the two substrates, oxidant
and reductant, but not from both ofthem (42). It is also
important to note that an electron-transfer mechanism
2 , PoFe(I1)+H+
3 , PO-Fe(III)
4, Po-Fe-(l\/)OH-
5 , Po .Fe(IV)0O-
6 , Po.FeL(lll)02H
FIGURE 2. Five oxidation states of horseradish peroxidase: (2) fer-
rous; (3) ferric; (4) Compound II or ferryl; (5) compound I or
ferryl + porphyrin 'n-cation radical; and (6) compound III or oxy-
form. Po denotes porphyrin. Correlation is shown in Table 2.
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Table 2. Correlation between five oxidation states of peroxidase.
Reactiona Oxidant Reductant Reference
2-. 3 Ferricyanide (59)
2--+4 H202 (60)
2-.+6 02 (61,62)
3--*2 Dithionite (59)
3-.4 Hexachloroiridate, ferricyanideb (63)
3-45 H202, alkylhydroperoxides, peracids (59,64,65)
3-. 6 Superoxide (23,66,67)
4-.3 Numerous donors e
4-. 5 Hexachloroiridate (63)
4-.6 H202 (68)
5--3 Iodide, thiocyanate (69-71)
H202, sulfite d
5--+4 Numerous donors c
6-. 5 Hydrated electron (72)
6-.3e p-Phenylenediamine (73)
a Numbers denote oxidation states (See Fig. 2).
b Only at alkaline pH.
See Table 1.
d At acidic pH.
eThe reaction appears to occur via6-.5-- 4-- 3, althoughthe intermediates are not detected.
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FIGURE 4. pH dependence of redox potentials of horseradish per-
oxidase (63).
actions and electron donors are all oxidized to free rad-
icals. For the same electron donor, the 5-4 reaction is
approximately 100 times faster than the 4--3 reaction
(79,80). This difference cannot be explained in terms of
redox potentials because the E'o values for the 5/4 and
the 4/3 couples are about the same at pH values where
the enzyme activity is measured (Fig. 4). The relation
between the rate constant and the redox potential is
demonstrated in the result of Figure 5, which shows
that the oxidation of 4 by hexachloroiridate is faster
than that of 3 by hexachloroinrdate (63). These results
have led us to conclude that an electron is transferable
from and to porphyrin much faster than from and to the
heme iron. One ofthe reasons may be that the edge of
porphyrin ring inperoxidases is exposed to the solvent.
And, this might be a structural factor that enables per-
oxidases to catalyze typical one-electron oxidations of
donor molecules. In most cases, peroxidases exist as
the 4 form during the catalytic reactions because the
3--5 reaction is very fast under ordinary experimental
conditions. Free radicals formed during the reactions
have been measured by ESR spectroscopy (15-
17,20,21,28,29,31,33,39,81,82).
The oxidations of halides, thiocyanate and hydrogen
peroxide are coupled with the 5-+3 path ofperoxidases,
2
4 -5
e,
4 5 6 7 8 9
pH
FIGURE 5. Second-orderrateconstants kforoxidationbypotassium
hexachloroiridate and reduction by potassium hexachloroiridite of
horseradish peroxidase A2 (63).
occurring by way of two-electron transfer (Table 2).
Horseradish peroxidase catalyzes the oxidation of sul-
fite through a mixed mechanism, which varies from a
two-electron type at acidic pH to a one-electron type at
alkaline pH (69). Although it is in general true that
peroxidases catalyze one-electron oxidations oforganic
molecules, such as phenol derivatives and aromatic
amines, an interesting exception has been found in the
reactions of thyroxine synthesis catalyzed by thyroid
peroxidase, which will be discussed later.
The 3-+6 reaction was suggested to explain the stoi-
chiometric formation of 6 during the aerobic oxidation
of dihydroxyfumarate catalyzed by horseradish perox-
idase (66). The fonnation of 6 from 3 + 02* has been
confirmed with lactoperoxidase (23), intestinal trypto-
phan 2,3-dioxygenase (83) and myeloperoxidase (67),
and recently by pulse radiolysis with horseradish per-
oxidase (84) and catalase (85). Since the reaction occurs
with a rate constant of 106-107/M-sec (86,87), it can be
used for the measurement ofthe amount ofsuperoxide
radical formed (23). As the stability of 6 is dependent
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FIGURE 6. Pentagonal representation ofthe function ofcytochrome
P450 in comparison with that of horseradish peroxidase.
on the experimental conditions, this method is not valid
for some cases (88).
CytochromeP450. Cytochrome P-450 is a unique
monooxygenase. Since it has a peroxidase activity (89)
and aspectral propertysimilartochloroperoxidase (90),
the structural and functional comparison ofcytochrome
P450 with peroxidases is an interesting subject (91-
93). Thecatalytic pathway ofcytochrome P450 canalso
beshownin apentagonaldiagram(Fig. 6). Ascompared
with peroxidases, several important points still remain
to be solved in the case ofcytochrome P450 (Table 3).
Porphyrin n-cation radicalisformed inperoxidases, but
is not detected in cytochrome P450. The ferryl form is
a common catalytic intennediate of peroxidases, and a
similar form is found in cytochrome P450 (95) but its
participation is uncertain in cytochrome P450 reac-
tions. The cleavage ofthe 0-0 bond accompanyingthe
reactions of 6-*5 and 3 + ROOH is heterolytic in per-
oxidases, but is still a controversial subject in cyto-
chrome P450 (96-98).
The formation ofaminopyrine free radical is directly
confirmed by optical and ESR spectroscopic methods in
cytochrome P450 reactions (99,100). The involvement
of free radical intennediate is also confirmed with the
usesofspintraps(101-103)andradical scavengers(103-
105). Particularly, several workers have concluded that
the hydroxyl radical which is formed through an iron-
catalyzed Haber-Weiss reaction causes the hydroxyla-
tionofaniline (106) andbenzene (107), andthe oxidation
of ethanol (108-111).
O-- + H202
(iron complex) 0°2 + HO + HO (8)
The source ofsuperoxide radical may be either the au-
toxidation of cytochrome P450 reductase (110) or of
cytochrome P450 (106,107,111,112).
The key problem in the mechanism ofcytochrome P-
450 reactions is whether cleavage of the O-O bond is
heterolytic or homolytic. As the homolytic cleavage
yields the hydroxyl radical, it is inconsistent with the
mechanism involving the Haber-Weiss pathway in the
formation of hydroxyl radical. On the other hand, the
heterolytic cleavage is accepted by workers who insist
an oxene-transfer mechanism for hydroxylation by cy-
tochrome P450 (113,114). In the heterolytic cleavage,
like peroxidases, cytochrome P450 is to be oxidized to
the 5 form (compound I) upon reactions of 6-5 and 3
+ ROOH. Then, in cytochrome P450 reactions, the
oxygen atom coordinated at the 6th position of heme
ironis tobetransfered to an oxygen acceptor. Although
the formation of a higher valence state of cytochrome
P450 is reported (95,114), there is no direct evidence
to support the oxene-transfer mechanism.
Another serious question as to the mechanism of cy-
tochrome P450 reactions would be the time ofthe 00
bond cleavage. Inthe oxenemechanism, the heterolytic
cleavageistoprecedethe oxygentransfer. Inthemech-
anism ofhomolytic cleavage, the 5 form is regarded as
a complex of 3 with hydroperoxide (96,97) and the 0-
O bond cleavage will be accompanied with the hydrox-
ylation. Afreeradicalderived fromthehomolytic cleav-
age ofthe 0-0 bond abstracts a hydrogen atom from
an oxygen acceptor (RH) and the R- thus formed reacts
with the iron-bound hydroxyl radical to produce ROH.
After a series of these reactions in the heme crevice a
hydroxylated molecule will be released from the en-
zyme. This mechanism, which may be called an intra-
molecular free-radical mechanism, will explain various
aspects ofliver microsomal cytochrome P-450 reactions
(97,98,115). It seems possible that electron donors and
spin-trappingreagents are released fromthe enzyme as
freeradicalsjustafterreactingwithfree-radical species
formed by the homolytic cleavage. The flexible mech-
anism ofliver microsomal cytochrome P-450 will be re-
lated to its low specificity for substrate. Since the re-
lease offree radicals does not appeartobephysiological
inthis case, suchflexibilityofthemechanismisofspecial
interest from the physiological and evolutional points of
view.
Flzvoprotein Enzymes. Flavoproteins occupy key
positions in biological electron transport systems. In
general, aflavoprotein isreducedby aspecific substrate
Table 3. Comparison between peroxidase and cytochrome P-450.
Peroxidase Cytochrome P-450
Heme Protoheme" Protoheme
5th ligand Imidazolb Thiol
Cleavage ofthe 0-0 bond Heterolytic Homolytic and coupled with hydroxylationc
5 state Ferryl plus porphyrin rr-cation radicald complex of 3 with hydroperoxide?
4 state Ferryl Not confirmede
A slightly modified form ofprotoheme is involved in animal peroxidases except for myeloperoxidase which contains a formyl heme.
b The 5th ligand ofchloroperoxidase is thiol.
See McCarthy and White (93)
The oxidizing equivalent is transferred fromtheporphyrin to an amino acid residue in the case ofcytochrome c peroxidase (94).
e See text.
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and reoxidized by relatively nonspecific electron accep-
tors although in vivo it mediates a specified electron
transferfromdonorto acceptor. Themechanismofelec-
tron transfer from donor to flavoprotein is regarded to
be a hydride or two-electron transfer (41,116) and the
one-electron transfermechanism is frequently involved
in the reactions between flavoproteins and electron ac-
ceptors. Of numerous electron acceptors, p-benzoqui-
none serves as good electron acceptor for most flavo-
proteins, and the fraction ofone-electron reduction can
easilybemeasured by either ESR or scavenger method
(8,22,41,42).
The dependence of the one-electron flux on the ex-
perimental conditions is summarized in Table 4. The
results suggest that (i) when the one-electron flux de-
pends on pH, it increases as the pH increases; (ii) when
the one-electron flux depends on the acceptor concen-
tration, it increases as the acceptor concentration in-
creases; (iii) the one-electron flux increases when the
enzyme suffers mild modification. Although it is pre-
mature to deduce generalization from a few examples,
there are reasons to rationalize the rules. For (i), upon
the stepwise reduction of oxygen orquinone (A) at neu-
tralpH, the two protons are incorporated at the second
step.
e- e- + 2H+
A- A *-.AH2 (9)
The release of AH2 becomes difficult as the pH in-
creases. For (ii), if the rate of electron supply to a fla-
voprotein is limited, the one-electron transfer from the
flavoproteintoAwillpredominate overthetwo-electron
transfer as the concentration of A increases. This can
be seen in the reaction of xanthine oxidase in which
molybdenum and iron ions are contained in addition to
flavin. For(iii), the two-electron transfertends to occur
in a reaction of an enzyme with a highly specific sub-
strate and the loosening its interaction will result in a
shift from two-electron to one-electron transfer mech-
anism.
We have shown that the primary reduction products
We have shown that the primary reduction products
ofquinones are semiquinones in the reactions catalyzed
by flavoprotein enzymes of electron transport systems
and hydroquinone forms in the reaction catalyzed by
DT diaphorase (8,22). The difference is not completely
explained in terms of molecular structure of the flavo-
proteins, but clear experimental evidence has been
given to answer the question why microsomal flavopro-
teins catalyze one-electron reduction ofquinones (119-
121). Cytochrome P-450 reductase contains two flavins,
FAD and FMN (119). The FMN actslike flavodoxin and
isconverted to astable FMNH* formduringthereaction
(119,120). Cytochrome b5reductase contains only FAD,
but the FADH^ form is stabilized in the presence of
pyridine nucleotide (121). Therefore, inthe NADH-qui-
none reductase reaction the reduced enzyme (FADH2)
is reoxidized by a quinone via FADH and the semi-
quinone is released. Of course, in vivo, the electron
acceptor is cytochrome in either case, and the reaction
with quinones is artificial. At any rate, it is likely that
the formation of stable flavin semiquinone is prerequi-
site to the one-electron transfer mechanism.
Possible Roles of Free-Radical
Reactions
A molecule in biological systems is activated and
undergoes an ordered reaction at an active site of an
enzyme. Active sites ofoxido-reductive enzymes consist
ofprosthetic groups and functional aminoacid residues.
There are two major groups of enzymes which catalyze
the formation of free radicals. One is flavin-containing
enzymes present in electron transport systems and the
other is heme-containing enzymes, peroxidases, and
peroxidase-like enzymes. The physiological meanings of
free radical formation appear to be quite different be-
tween these two groups of enzymes.
Energy Conservation
Flavoproteins present in electron transport systems
catalyze one-electron transfer to cytochromes or qui-
nones. The one-electron flux is 100% even when qui-
Table 4. Factors which increase the one-electron flux in some enzyme catalyses.
Enzyme Reactionsa Condition Reference
Xanthine Xanthine-02 A[02] (5 to 50%)b (24,27)
oxidase ApH (15 to 7%) (24,27)
Xanthine-Q A[Q](O to 100%) (23,117)
Defiavo (100%) (117)
Dehydrogenase tzjpe (100%)C (118)
Lipamide NADH-Q ApH (15 to 80%)
d (117)
dehydrogenase Copper treatmentc (15 to 100%) (25)
Peroxidase Sulfite-H202 ApH (O to 100%) (69)
a One-electron oxidation and reduction of substrate are measured.
b This means that the one-electron flux increases from 5 to 50% with the increase of[021.
Milk xanthine oxidase can be prepared as a xanthine dehydrogenase type (118).
dThe one-electron flux does not depend on [Q] in this case.
eSulfhydryl groups ofthe enzyme are oxidized without changing the NADH-Q reductase activity.
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nones are used as acceptor.
NAD(P)H + 2Q -* NAD(P)+ + 2Q- + H+ (10)
Thefreeenergyisfairlyconservedintheabovereaction
as compared with the two-electron transfer reaction:
NAD(P)H + Q + H+ -- NAD(P)+ + QH2 (11)
The standard free energy to be saved can be calculated
by
AEOI = -1.36 log K8 (12)
where K. is a free-radical formation constant, repre-
sented as
K8 - [QH2][Q] (13)
the redox potential (E2) for Q/Q- is
E2 = Em + (RTI2F) In K. (14)
where, EmismeanredoxpotentialforQH2/Q (122). Q-
is a strong reductant and can reduce cytochromes and
molecularoxygenatconsiderablyhighrates. Therefore,
ifquinones in respiratory chains are exposed to molec-
ular oxygen, electrons will leak out to the oxygen to
form superoxide radicals.
The quinone in vivo is a component of respiratory
chains and embeded in membranes. It is reasonable to
assume that the quinone is reduced to the semiquinone
in membrane as well as in solution. In mitochondria,
ubiquinonemayactastranslocatorofprotons(123-125).
There may be striking difference in the kinetics ofelec-
tron transfer from flavin to quinone between in solution
and in membrane. In solution, the semiquinone formed
in the first one-electron transfer from flavin is freed
from the enzyme and the second electron of the flavo-
proteinistransferedtoafreshquinone molecule (41,42).
Incontrast, itispossiblethatthesamequinonemolecule
accepts two electrons successively from the enzyme.
The reduction of quinone in respiratory chains can be
formulated as shown in Eq. (15):
Q H(flavoprotein) Q H(fatvoprotein) QH Q
H+
Q
H /
QH (15)
Asthequinoneismobileinmembrane, itwillbepossible
that the first and the second reduction of quinone at
opposite sites of membrane, causes proton transloca-
tion. The translocation oftwo protons per electron may
also be possible as shown in Eq. (16):
Q H(favoprotein) QH2 e(cytochmes) Q (16)
H +'O- A~~~2HI
ifthesemiquinone-hydroquinone cycleshuttlesbetween
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FIGURE 7. Formationanddecayofhydroperoxide (R'OOH)derived
from indole-3-acetate. The amount of R'OOH can be measured
eitherfromits reaction with peroxidase (left) orfrom the increase
ofabsorbance at 274 nm (right). The solid and dotted lines show
time courses for horseradish peroxidases C and A, respectively
(136).
the opposite site ofmembrane.
Metabolism
Hydroperoxides arefoundtobeintermediatesinmet-
abolic paths. The peroxidase is a typical enzyme to be
involved in the metabolism of hydroperoxides. There-
fore, it is of interest to look at the role of peroxidase
reactions involved in hydroperoxide metabolism
Hydroperoxide Derived from Indole-3-acetic Acid
(IAA). The mechanism of oxidation of a plant hor-
mone, IAA has been a subject ofinvestigation bymany
plant physiologists (126-135). It is now accepted that
free radical species which are formed through catalysis
of peroxidase are intermediates in the degradation of
IAA (128-134). The stoichiometry of the peroxidase-
catalyzed formation offree radicals has been confirmed
byusingferric o-phenanthroline complex as an electron
acceptor for the free radical (40).
Peroxidaae 2 IAA + H202 - 2 IAA + 2H20 (17)
IAA. + ferric complex -- dehydro IAA + ferrous complex (18)
It is also found (136) that ahydroperoxide derived from
IAA is a good substrate for peroxidase. There is, more
or less, a lag in the oxidase reaction and the oxidase
reaction inthe steady state can be formulated as shown
in Eqs. (19)-(24) (136):
3 + R'OOH -*5 + R'OH
5 + RH-- 4 + Re
4 + RH --.3 + Re
Re + 02- R'00O + C02
R'00O+ RH--. R'OOH + Re
R'OOH -. X -* 3-methyleneoxindole
(19)
(20)
(21)
(22)
(23)
(24)
where RH and R'OH are IAA and indole-3-methanol,
respectively. The hydroperoxide (R'OOH) accumulates
duringthe reaction (Fig. 7) and reacts with 3 very fast.
Therefore, the fornation of 5 becomes no more rate-
limiting shortly after the reaction starts. Then, like or-
dinary peroxidase reactions, the reduction of 4 by RH
is rate-limiting, and most ofthe peroxidase exists at 4
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during the reaction (136).
It may be emphasized from the physiological point of
viewthatinthepresence ofoxygentheperoxidase-IAA
systemyields strongoxidizingspecies. Sinceithasbeen
reported thatthe fornation ofethylene (plant hornone)
is promoted by the addition of IAA (137-141), there is
apossibility that the ethylene formation ispromoted by
such oxidizing species.
It should be noted also that peroxidases catalyze ox-
ygenation ofvarious compoundsinplant (142-144). The
reaction may be accelerated in the presence of IAA.
ProstagkandinSynthesis. Prostaglandins are pro-
duced from arachidonic acid by a cascade of enzymes.
The first step is the conversion of arachidonic acid to
prostaglandin G (a hydroperoxide form) by cyclooxy-
genase. The spin-trapping method has shown the for-
mation of a carbon centered free radical of arachidonic
acid in the reaction by ram seminal vesicle microsomes
(145). The next step is the conversion from prostaglan-
din G to H catalyzed by aperoxidaselike enzyme. How-
ever, a purified enzyme preparation that catalyzes the
above two reactions has not been resolved yet (146,147)
and is termed prostaglandin endoperoxide synthetase.
The formation of free radicals has been demonstrated
during the peroxidatic oxidation ofvarious electron do-
nors by the enzyme (35-37).
The enzyme requires heme for the activities and the
mechanism ofthe reactions can be compared with that
of IAA oxidase reaction catalyzed by horseradish per-
oxidase. On the basis of the assumption that the two
reactions are essentially of the same type, it will be
suggested for the prostaglandin synthesis that the re-
actions ofcyclooxygenase and peroxidase are catalyzed
bythesameenzyme;thattheperoxidasereactioncauses
dehydrogenation ofarachidonic acidtoforn itsfreerad-
ical; that the free radical reacts with molecular oxygen
to form prostaglandin G via a chain reaction, and that
a trace amount of hydroperoxide initiates the peroxi-
dase reaction. This mechanism is the same as that pro-
posed by O'Brien and Rahimtula (148).
Although the mechanism of prostaglandin endope-
roxide synthetase maynotbe explained bysimple chain
reactions involving the hydroperoxy radical, it is ofin-
terest to note that asomewhat similarproblemhaslong
been discussed also in the mechanism of IAA oxidase
reaction.
Thyroxine Synthesis. Thyroid peroxidase cata-
lyzes iodination of tyrosine and oxidative coupling of
two diiodotyrosines. It is confirmed that the oxidation
of iodide occurs in a two-electron process and that of
diiodotyrosine occurs by way of one-electron transfer.
3 + H202-- 5 (25)
5 + I--3+ + H20 (26)
Tyr + 3*I+ - monoiodo Tyr + 3 (27)
Monoiodo Tyr + 3I+
+ diiodo Tyr + 3 (28)
2(Diiodo Tyr) + 5 2(diiodo Tyr-) + 3 (29)
2(Diiodo Tyr') - - thyroxine (30)
The two-electron oxidation ofhalide ions has been con-
MIT(3.3x10)
Tyr(2.1xlO6) 1 (2x107) 2° ' TPO1+-k2
2=!.> 1 (lodinatingCycle)
Tyr(0-5xlQ4) kilod MT3x104) .M.IT(3x )
HFi(75xl06)
TPO ',-- k, 4- Compound
k3 (Coupling Cycle)
Compound 11 k27
DIT(17x104) DIT(>2x105)
:MIT(1.8x103).
Tyr(90)
*1 (810)
I.......................
FIGURE 8. One-electron (bottom) and two-electron (upper) oxida-
tion pathways in thyroxine synthesis by thyroid peroxidase. Nu-
merals in parentheses denote second-order rate constants. The
mechanism is converted from the upper to the bottom cycle as
diiodotyrosine(DIT)accumulates. Reactions shownbydottedlines
are not involved in the main path ofthyroxine synthesis (150).
firmed with horseradish peroxidase (70,71), lactoperox-
idase (149) and thyroid peroxidase (149,150). It is in
general believed that peroxidases catalyze one-electron
oxidation of phenolic compounds. We have recently
found a curious fact that thyroid peroxidase catalyzes
one-electron oxidation of diiodotyrosine and two-elec-
tron oxidations of monoiodotyrosine and tyrosine
(149,151). Horseradish peroxidase and lactoperoxidase
both catalyze one-electron oxidations ofthe above three
molecules (151). The ability of thyroid peroxidase of
distinguishing the one- and two-electron processes is so
peculiar that biochemists willtend to consider its phys-
iological meaning. We have concluded (150) that the
switch-over ofthe mechanism from the two-electron to
the one-electron type with the increase of the iodide
content in tyrosine derivatives is a kind of regulation
sothatthe enzyme synthesizes preferentiallythyroxine
at the expense of a limited amount ofsubstrates. Thy-
roxine must be synthesized, in vivo, in the presence of
limited amounts of hydrogen peroxide, iodide or tyro-
sine residues ofthyroglobulin. For economy, thyroxine
should be formed without accumulation of monoiodo-
tyrosine and diiodotyrosine.
As showninFigure 8, tyrosine andmonoiodotyrosine
compete with iodide but inhibition ofiodination by ty-
rosine and monoiodotyrosine is not serious because of
high rate ofreaction ofiodide with 5. As diiodotyrosine
accumulates, the reaction of5 with diiodotyrosine can-
not be neglected, and, in this case, the enzyme is con-
verted into4, whichreactswithiodide veryslowly. The
values ofrate constant tell us that as the concentration
of diiodotyrosine increases the iodination is inhibited
and the coupling ofdiiodotyrosine is accelerated.
Miscellaneous
The redox property of the ascorbate system is still
mysterious in many points, in spite of numerous ex-
perimental data. The difficulty in studying this redox
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property is partly due to the instability of dehydroas-
corbate. The redox property of semidehydroascorbate
appears to differ from that ofsemiquinones. Eo' forthe
dehydroascorbate/semidehydroascorbate couple is cal-
culated from Eq. (14) to be -200 mV (152). Semiqui-
nones having this E.' value can reduce molecular oxy-
gen (153,153), but semidehydroascorbate cannot.
Dismutation of semidehydroascorbate is very fast, but
thereduction ofcytochrome cbysemidehydroascorbate
is relatively slow (155). There is a widely distributed
enzyme system that reduces semidehydroascorbate to
ascorbate at the expense ofNADH (6-13,156). The bi-
cyclic structure of semidehydroascorbate (157,158)
mightberelatedtoitsabnormalreactivityandthechar-
acteristic feature of ascorbate redox system.
The generation of superoxide anions during phago-
cytosis and action ofantitumor quinones is an interest-
ing subject which is dealt with in other chapters. Some
peculiar enzyme catalyses in which the free-radical
mechanism is involved have been recently reported
(159-161). A tyrosine radical is involved in the ribo-
nucleotide reductase reaction (159,160) and pyrrole-
quinoline semiquinone is involved in the methanol de-
hydrogenase reaction (161). Since quinoproteins are
widely distributed in bacteria (162), the free radical
mechanismwill actuallybe more popular inenzyme cat-
alyses.
This research was supported by aJapanese grant-in-aid forscience
and culture, No. 57430029.
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